Abstract: From January to April 2012 we studied the occurrence of air-borne fungi in the Lubin mining site, property of KGHM Polska Miedź SA. The research was conducted in three copper-mining shafts: Bolesław, Lubin Zachodni (Lubin West shaft), and Lubin Głó wny (Lubin Main shaft) at about 610 to 850 meters below ground level. Air samples were collected between 6 and 9 a.m. using the impact method (Air Ideal 3P Sampler) onto Potato Dextrose Agar. The volume of air sampled for each agar plate was 50 liters. We found twenty-seven fungal species, the most numerous being Penicillium notatum, P. urticae, and Aspergillus flavus. As the application of log-linear and correspondence analyses have shown, the population of fungi varied considerably among the copper mine shafts or shaft parts. P. notatum and P. urticae were found to be the best adapted to grow in copper-mine conditions. The significant interaction among the shafts and the sample collection sites suggests a substantial microclimate influence on the population-size variations of studied fungal species in each shaft. The fungal-spore concentration in the majority of the shafts of this copper mine does not present a health risk to the mine workers. But it is enhanced in some portions of the mine, so it may constitute a health hazard locally.
INTRODUCTION
The copper-ore deposits near the town of Lubin were discovered during a geological survey in 1957. The construction of the Lubin copper-mining site began in 1960, laying a foundation for what later became the Copper Mining and Smelting Industrial Complex (KGHM). In the Lubin facility copper is mined at about 610 to 850 meters below ground level, and the operations cover approximately 160 km 2 of surface. The microclimate in some Lubin mine shafts and galleries displays features similar to the tropical rainforest climate. At some points the temperatures rise to 33 uC and the relative humidity exceeds 90%. These conditions, with the presence of organic substances, creates a fairly favorable growth environment for microscopic fungi, which can be found on any material used in the mining process, especially on timber and all types of organic waste, as well as on insulators, rubber surfaces, or machinery tires (Piontek and Bednar, 2010) . The miners going down to work bring fungi into the mine. The research conducted by Grzyb and Frączek (2010) in spa rooms of the underground salt mine in Bochnia has shown that the number of colony forming units obtained before the staff and clients entered the spa was considerably smaller than the CFU value in high tourist season.
The growth of fungi in the KGHM mine galleries and excavations is considerable and produces a great number of spores that spread through the ventilation system. Frequent air changes, which are characteristic to the microclimate of the KGHM Lubin mining site, result in significant variations of the number of CFU present in the studied air samples. Some airborne fungal species (Aspergillus spp., Penicillium spp., Cladosporium spp.) that occur in the mine excavations and galleries could cause allergies and fungal infections in some exposed workers (Heppleston et al., 1949; Gamboa et al., 1996; Obtułowicz, 2006; Cabral, 2010) . The official limits of airborne fungalspore concentration indoors used in Poland as safety standards (Polish Norm, 1989a, b, and do not apply to mine excavations or galleries. Most of the fungal spores found in the copper-mine air samples or on organic material such as timber safety structures built in the galleries produce mycotoxins. These can cause various diseases when introduced into the human body (Rusca et al., 2008; Ogó rek et al., 2013) . The aim of our research was to determine which species of airborne fungi occur in the copper mine and to identify their CFU concentrations.
MATERIALS AND METHODS
This study was performed from January to April 2012 in the Lubin mining facilities, owned by KGHM Polska Miedź SA. The measurements were taken in three shafts: Bolesław shaft, Lubin Zachodni (Lubin West shaft), and Lubin Głó wny (Lubin Main shaft), at about 610 to 850 meters below ground level. The samples were collected between 6 and 9 a.m. At this time of day four hundred miners work in the Lubin West shaft and the Lubin Main shaft, while approximately nine hundred miners work in the Bolesław shaft. We used the impact method and the Air Ideal 3P sampler to analyze the fungal load using PDA (Potato Dextrose Agar) plates manufactured by Biocorp. The volume of air sampled for each plate was 50 liters. The measurements at each site were performed three times, and the impactor was held at 1.5 m above the ground. The PDA plates were incubated for seven days at room temperature (22 uC). After incubation, the number of visible colonies was determined, and the fungi were identified into species according to their morphology. The number of colony forming units (CFU) was determined per 1000 L (1 m 3 ) of air. The number of fungal colonies grown on one plate per 1 m 3 was determined of air using the formula X 5 (a 3 1000) /V, where a is the total number of airborne fungal colonies grown on one plate after sampling from the atmosphere and V is the collected air volume in liters.
The log-linear and correspondence analyses were performed in order to investigate the relationship among the shafts and the variations in the number of CFU for selected fungal species.
Log-linear analysis is used to examine quantity variations in cross-tabulation. It is also helpful in performing an analysis of variance if no individual observations can be made at any level of the objects experimented on (null values). The log-linear analysis applied to this study is based on Goodman (1978) . All significant deviations of the observed quantities from the expected quantities indicate an interaction between the analyzed variables. After a logarithmic transformation of the expected values, the model is expressed as a linear model that, in its most simple form, can be expressed as follows:
where E ij are the expected values, M is the overall mean of the expected values based on equal counts in each cell, l X i is the effect of the i th value of variable X, l Y j is the effect of the j th value of variable Y, and l XY ij is the interaction effect of the i th value of variable X and j th value of variable Y. The log-linear model allows us to test the null hypothesis, in which there is no relationship between two or more of the analyzed variables. After eliminating nonsignificant interactions, the model can also be used to investigate the influence of specific factors on the variation of the studied populations. In order to assess a testing model that would be optimal for the specific factors of this experiment, the chi-squared test was calculated for main effects, then the extended log-linear models were tested, taking into account the second-and third-order interactions between the studied factors. An iterative procedure was applied to fit the model to the observed frequencies. The iterative algorithm was stopped when the fit and the observed marginal distributions converged with a ratio of 0.01.
In practice, these procedures usually eliminate insignificant interactions between observed variables from the model. In the next section, we discuss the structure of relationships between the shafts and the observed population size of each analyzed fungal species. The discussion is based on correspondence analysis, popularized by Hill (1974) and often also referred to as reciprocal averaging, homogeneity analysis, dual scaling, or canonical analysis of contingency tables. The analysis visualizes the associations among a set of points in a two-, or (maximum) threedimensional space. Mapping the variations among the identified fungal species also allows for presenting the variability of the analyzed factors.
RESULTS
Analyzing the air in the copper-mine galleries, we identified twenty-seven airborne fungal species with Penicillium notatum, P. urticae, and Aspergillus flavus being the most numerous. The significance assessment of main effects and interactions among the factors of this experiment is presented in Table 1 .
The influence of the shaft and the sample collection point on the population size of fungal species was described in a statistical model, fitted and optimized by calculating the chi-squared test values for the main effects and the interactions between each of the factors in this experiment. The model statistics for second-order interactions displayed considerable values. At p , 0.01 we rejected the hypothesis of no relationship between the population size of each fungal species and the specific shaft or sample collection point. Significant interactions between the fungal Tables 2, 3 , and 4, many more fungal species were identified in Bolesław shaft than in Lubin Main shaft. The P. notatum species occurred mostly in the Bolesław and Lubin West shafts. The Lubin Main shaft was colonized mostly by P. urticae, P. waksmani, and P. commune. Probably the climate conditions of the Lubin West shaft were not favorable to the growth of the P. commune (particularly high temperatures do not favor the growth of this species). Meanwhile, we observed that the population of the A. flavus species is relatively large in the Bolesław shaft, when compared to its size in other shafts. Finding a significant interaction between the fungal species and the parts of each shaft let us confirm that more fungi occurred in the timber storage areas of the shafts Bolesław and Lubin West than beside the conveyor-belt system of the Lubin Main shaft. Also, many more fungal colonies were collected in the pump room of the Main shaft than in the so-called air split of the West shaft.
The relationship between the type of shaft and the sampling point on the one hand, and the population size of the fungal species on the other, are discussed below, where the correspondence plots of the fungal response to the analyzed factors represent the data in two dimensions, displaying the full information on the interactions among the shafts (Fig. 1) .
If we look at the two-dimensional position of each species in the plot, we can identify three groups of fungi with different population sizes, depending on shaft and sample collection point. The first group involves P. notatum and A. flavus, the second group is formed by A. niger, P. vermiculatum, P. expansum, P. luteum, P. urticae, and P. waksmani and the third group with greater variation in fungal population sizes of Botrytis cinerea, P. citrinum, and P. commune. As pictured by the length and direction of the vectors starting at the origin of the coordinate system, each shaft influences the population size of each fungal species in many different ways. The considerable length of the vector associated with the Main shaft indicates that this variable has a considerable discriminating power, which contributes to differentiating the population size of each fungal species. The orthographic projections of the points, which represent the fungal species, onto vectors associated with the variables, confirm the increase in A. flavus and P. notatum populations in Bolesław shaft. On the other hand, the position of the point that represents the size variations of the P. expansum population suggests that this fungus is well adapted to grow in the climate conditions of the Lubin West shaft. Also, the projection of the point representing the variability of P. citrinum, on the extended vector associated with Lubin Main shaft, confirms the increased growth of its population in the Lubin Main shaft conditions. The second column of Table 5 displays the row masses, which are the total relative frequencies of each row. These can be interpreted as information on the significance of each row (shaft) for the population size variations within the analyzed fungal species. Thus, the climate conditions in Bolesław shaft stimulated the growth of fungal populations to the largest extent, while the conditions in the Main shaft decreased the population sizes of the analyzed species. The Figure 1 . Biplot of population-size variations within the fungal species occurring in different KGHM mine shafts (V1 -dimension 1, V2 -dimension 2). Dimensions 1 and 2 show the size of the variation of the number of species of fungi (variance).
representation quality of the biplot points determines how precisely each shaft can be evaluated in a space reduced to two dimensions. Values close to 1 indicate that the species have been represented well in the two-dimensional space.
Reducing the eleven-dimensional space to a two-dimensional space for the purpose of this experiment still allows for a full presentation of the original variations. The relative inertia of each point shows each variable's absolute contribution to the principal inertia of the original space of eleven dimensions that described the three shafts. The term inertia in correspondence analysis is used by analogy with the definition in physics of moment of inertia, which stands for the integral of mass times the square of the distance to the centroid (Greenacre, 1984) . Inertia is defined as the total Pearson Chi-square for the two-way interaction divided by the total sum of the spore numbers of the sampled fungi species. As suggested by relative inertia values, an increased population size variation within the identified fungal species occurred in Lubin Main shaft. The next columns present the contribution of partial inertia values of the shafts Bolesław, Lubin West, and Lubin Main, to each dimension. The correspondence analysis also allows us to evaluate the similarities among the fungal species and to present them in a space defined by these three shafts. As shown in Table 6 , both the mass value and the relative inertia values in the two dimensions are highest for the P. notatum, when compared to other identified fungal species. Thus, we can claim that the P. notatum contributed mostly to the size variations within the fungal population in the examined shafts.
DISCUSSION
A copper-mine environment does not create favorable conditions for the growth of fungal species, and the high concentration of copper compounds, as well as the compounds of other elements, could affect their normal development. Fungi can occur in the soil or in symbiosis with some plants that are capable of growing in such unfavorable conditions (Castro-Silva et al., 2003; Fujii and Fukunaga, 2008; Gibson and Mitchell, 2007) . Our research confirms these observations. We found Alternaria alternata spores in the upcast shafts, but not in the mine galleries. Perhaps this species does not find favorable conditions for its growth in the mine. Our research has shown that the most common airborne fungi in the mine are those of the Penicillium and Aspergillus genera. Fujii and Fukunaga (2008) also found these species predominating in coppermine soil in Japan. The work of other researchers surveying copper mines with respect to fungal spores supports these findings (Moharrer et al., 2012) . Among the isolated airborne fungal species, the populations of Penicillium notatum, P. expansum, and Aspergillus flavus were the most numerous. Piontek and Bednar (2010) obtained similar results, and they claim that these fungi can damage the mining machinery, timber structures, or cables, and, as a consequence, result in serious accidents. Our mycological survey of copper-mine air differs from similar surveys conducted by other researchers in similar mines. A closed gold mine, examined by Ogó rek (2012), turned out to host several fungal species, with Trichoderma harzianum, P. expansum, and Botrytis cinerea being the most numerous. The results of his study suggest that the spore concentration of Aspergillus and Penicillium fungi could be a health hazard to the miners working in some parts of the mine, especially in those abundant in timber. The mentioned fungal genera (Aspergillus and Penicillium) are believed to Note: The inertia term is used in correspondence analysis and is analogous to that in terms of variance statistics. Inertia dimensions 1 and 2 show the size of the variation of the number of species of fungi (variance).
be an important part of indoor bioaerosols since some of them can produce mycotoxins, which are hazardous to human health (Cabral, 2010) . Some of these fungal species can also cause mycoses or other respiratory diseases (Gamboa et al., 1996) . Nevertheless, to confirm these results, we would need to perform a series of in vitro or molecular tests, because not all fungal isolates sampled from the atmosphere are able to produce mycotoxins (Ren et al., 1999; Nielsen, 2003) .
CONCLUSIONS
The log-linear and correspondence analyses show significant size variations within the fungal populations in each of the copper mine's shafts, as well as in parts of these shafts.
Based on their numbers and abundance, Penicillium notatum and Penicillium urtica turned out to be the fungal species best adapted to grow in a copper-mine environment.
There are significant differences among the shafts and the sample collection points, suggesting a considerable influence of each shaft's microclimate on the population size variations of the identified fungal species. The fungal spore concentrations in the analyzed shafts do not pose a health hazard to miners.
